The aim of this study was to determine the effects of three different housing systems for laying hens (cages, barn and organic) on layer performances, eggshell characteristics and bone strength. In each system, the same strain of laying hens (Hyline Brown®) was housed in agreement with current European regulation and the hens were fed on the same level of nutrition (2800 ME). The study was conducted over one year period in three typical farms in the north of Italy, from the 18th to the 70th weeks of layers age. The number of eggs collected and laid on the floor were recorded weekly, as well as the mortality and the feed consumption. At 27, 30, 35, 43, 53 and 68 weeks of layers age, the weight and the shell characteristics of eggs from the different systems were analysed. Bone breaking strength and stiffness were determined by three point bending test. The percentage of deposition was generally higher in comparison to the standard production of Hyline hens, probably, due to a high management standard and to the production persistence. The results indicated a clear relationship between the percentage of cracked eggs and the strength characteristics of the shells, with organic eggs showing the highest shell thickness, the most resistant shell and consistently the less cracked eggs. Considering the changes that occur during the laying cycle, shell strength and thickness in non-cage eggs were highly affected by hen age, while they were much stable in cage eggs. Organic hens also showed the strongest humerous, while their tibiotarsus were as robust as those of cage hens.
Introduction
In the last 20 years conventional cages for laying hens have been extremely S. Lolli et al. 592 criticized in the European Community, because they restrict the birds' movement and prevent them from performing natural behaviours such as nesting, perching and dust bathing (Duncan and Fraser, 1997; Leyendecker et al., 2005) . Moreover, birds housed in conventional cage may develop cage layer osteoporosis that leads to bone breakage and early death (Wilson et al., 1992; McCoy et al., 1996) . Thus, osteoporosis induced by the high demands for calcium during eggshell production in layers has become a serious problem for the egg industry (Fleming et al., 1996) . The costs associated with reduced productivity and increased mortality due to calcium deficiency have been recognized since the mid 1950s when battery cage housing for layers first became popular (Leeson et al., 1995) . Gregory and Wilkins (1989) showed that skeletal damage was a major welfare problem in laying hens and more recent studies suggested that bone fractures caused by osteoporosis are an increasingly serious welfare issue (Budgell and Silversides, 2004; Sandilands et al., 2005) . In these studies incidences of old healing fractures of up to 70% were recorded depending upon husbandry system and bird strain. Cage housing is associated with reduced bone strength compared with barn (Barnett et al., 1998) , aviary (Leyendecker et al., 2005) or free-range (Gregory et al., 1990) systems. However, while more extensive housing can lead to increased bone strength, there are also increased opportunities for injuries such as feather pecking, peck injury and peck mortality (cannibalism). Many hen welfare concerns are not intrinsically linked to housing system although this is one factor out of more that influences the welfare of the birds. Other factors such as genetics, the environment the hen was raised in and the quality of human handling must also be considered (Graml et al., 2008) . For instance, genetic selection may produce laying hens that are less prone to bone weakness (Webster, 2004) . Bone strength is better when more space is available and there is the presence of equipment details promoting activity e.g. perches (Fleming et al., 1994; Freire et al., 2003) . Especially hens in conventional cages may risk having their wing bones broken at the end of lay and hence experienced and gentle catching and handling methods are important (Gregory et al., 1994) . Hens in aviaries however have a higher risk of breaking their fulculum and keel bones during the laying period by collisions with equipment or other birds (Freire et al., 2003) . The perch design has been shown to have a considerable impact on the incidence of keel bone deviations mainly through differences in impact pressure on this part of skeleton (Tauson and Abrahamsson, 1994) . The possibility to jump during rearing period reduces skeletal damage in the following production period (Michel and Huonnic, 2003) . Although the limitations of space may vary according to stocking density, there are several reports on the negative effects on bone strength, which in turn may lead to bone fragility and eventually, breakage of parts of skeleton e.g. during depopulation at the end of the laying cycle (Fleming et al., 1994) . Nutrition and management of the birds are important in maximizing the mineralization of skeleton, ultimately minimizing the severity of osteoporosis, which will occur as hen laying cycle progresses. However, it appears Layer performances ...
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that even with optimal calcium, phosphorus and vitamin D3 levels in the diet, osteoporosis is still likely to occur to some degree in the highly productive layers (Whitehead, 2004; Leeson et al., 1995) . Egg quality is affected by a range of factors including the strain and the age of the hen, the diet and the housing system. The environmental conditions within the house can also influence the egg quality through a modification of the birds' physiological status (Travel et al., 2011) .
A major impact has the bird age which affect the egg weight, the proportion of the different egg components and composition, and the eggshell quality. The egg weight increases with hen age varying between 50 and 70 g, however most modern commercial strains are now capable of achieving egg weights of 60 g by 26 weeks of age and 65.5 g by 50 weeks, and sustaining this until the end of production (Nys et al., 2008) .
The influence of the bird age on the eggshell quality bears an increase in the percentage of cracked and broken shells, ranging from 2-5% at the beginning of laying to values up to 12-20% in older hens (Nys et al., 2008) . This is consistent with the reduction in the eggshell percentage and breaking strength observed with the increasing egg weight during hen aging (Casiraghi et al., 2005) .
Minor influence on eggshell quality is reported for the different housing systems. In a review by Rossi and De Reu (2011) , it was concluded that nest eggs of non cage systems are normally not more susceptible to cracks than those of cage eggs. However, general conclusions on the effect of cage and non-cage housing systems on egg weight, shell strength and thickness could not be drawn because of inconsistencies of results from different authors in the literature. As suggested by Van den Brand et al. (2004) , ambiguities or contrasts among the studies might be explained by differences in the amount of dietary Ca and available P, which can strongly affect shell quality.
The aim of the present study was to determine the effects of three different housing systems for laying hens (cage, barn and organic) on layer performances, eggshell quality and bone strength.
Materials and Methods
The study was carried out in three Italian layer farms over one year period, with hen aged from 18 to 70 weeks. A comparison was made among laying hens in three rearing technologies: conventional cage (C), barn (litter floor, B) and organic system (O), on the same level of nutrition, same season and bird flock. In each system, laying hens of the same strain (Hyline Brown®) were housed in agreement with Council Directive 1999 /74 (EU, 1999 The experiments were carried out before the coming into force (1/1/2012) of the ban of conventional cages for laying hens in the European Union in favour of alternative housing systems, or furnished cages systems (EU, 1999) . trimmed, transferred from rearing to laying systems in July when 18 weeks old and slaughtered at week 70. Microclimate and lighting conditions for rearing followed the technological standard for the rearing of this hybrid.
Conventional battery cages of 20 cm x 40 cm x 40 cm were used, according to European Directive 1999/74/EC (EU, 1999) , which stated that each hen should have at least 550 cm2 available space.
Farm B was a typical barn (12 m x 42 m) with 1/3 of litter and 2/3 of slat. The stocking density was 9.4 birds/m2. Sixteen hours of light/day was provided through lateral windows located along the two longest walls, and artificial lighting program.
In farm O a free-range area (9000 m2) was accessible through 16 doors (35 cm x 100 cm, in agreement with Regulation (EC) No 834/2007 (EU, 2007 ). The indoor poultry farm (5 m x 75 m) was divided in three parts: litter (1/3 of whole area), slat with drinking and feeding areas, and nests. The stocking density was 5.4 birds/m2. The hens were fed a standard layer diet containing 2800 ME. Food and water were provided ad libitum in all housing systems.
The total number of laid eggs were recorded weekly, as well as the number of second category eggs, hen mortality and feed conversion rate (FCR).
At 27, 30, 35, 43, 53 and 68 weeks of layers age, 100 eggs from each system were collected. The eggs were weighed and candled to measure the percentage of cracked eggs and to select intact eggs for successive analysis. Thirty intact eggs from the original 100 were manually broken and voided. The shells were wiped and weighed without removing the membranes. Shell thickness was then measured at the equator in triplicate, using a 550-501 digital micrometer (NSK, Japan).
Another group of 30 intact eggs were used to calculate the surface area of each egg (Thompson et al., 1985) and the shell index as the ratio between egg weight and its surface area. The same 30 eggs were used to perform mechanical analyses. Shell breaking strength (N) was measured using an Instron Universal Testing Machine 4301 (Instron Ltd, High Wycombe, England) supported by the Series IX Automated Material Testing System software. Compression tests were carried out on seven individual eggs per sample, at the constant cross-head speed of 20 mm/min using a 100 N load cell. A 35 mm diameter plate was used as a compression device. Strength (N), displacement (mm) and energy (mJ) at breaking point were determined.
Twenty hens per housing system were randomly chosen and slaughtered at 70 weeks of age. The right tibiotarsus and humerus were cleaned of flesh and stored at -20°C until analyses. After thawing, the major and minor diameters were measured in the centre of the bones with a calliper, and a mean centre diameter was calculated. Bone breaking strength and stiffness were determined by a three point bending test, carried out using the Instron Universal Testing Machine 4301. The bones were placed on the support (30 mm apart for humerus and 65 mm apart for tibia), laying down on the major diameter and aligning the centre of each bone with the breaking probe. Analyses were carried out at room temperature, with a constant cross-head speed of 20 mm/min and a load cell of 1kN. Results are expressed as breaking strength (N), corresponding to the fracture load, and stiffness (N/mm), calculated as the slope of the linear portion of the force-deformation curve.
Statistical analysis. The data related to the characteristics of downgraded eggs at different ages were analysed using the non parametric analysis of variance of SPSS Version 18.0 software (test Wilcoxon) with housing system as the main effect. Shell and bone characteristics were analysed by ANOVA, considering housing systems and hen age as factors and the two-way interaction for shell data, while for bones the factor was only the housing system. The significance controls of the differences were determined by LSD test. Both ANOVA procedure and LSD test were performed using Statgraphics Plus Version 4.0 software (StatPoint Inc., Herndon, VA, USA). Correlation analysis among variables was performed using Systat software Version 5.0 (Systat Software Inc., Richmond, CA, USA) following the Pearson approach.
Results and discussion
Layer performances. Production performances of hens were recorded between 18 and 70 weeks of age (Figure 1 ). Hen-housed egg production (eggs laid*100/number of hens at time of recording) was similar among the housing systems being 84.9% (O), 86.4% (B) and 85.4% (C) (P > 0.05). After reaching the peak of lay at about 24 wk, the level remained steady, then as expected decreased overtime. As shown in Figure 1 , in comparison to the standard production of Hyline (Hyline, 2007) at the same week of deposition, the percentage of deposition was generally higher, especially in the organic and barn systems, due probably to high management level and to the production persistence.
The number of laid eggs obtained per hen was identical in the different systems, with a mean weekly production rate of 6 eggs/hen in all systems. Tables 2 and 3 , respectively. The ANOVA evidenced significant differences for all the variables and all factors (housing system (S), hen age (A) and S x A), with the exception of the displacement measurement obtained in the compression test that was not affected by housing system.
On average, barn system produced the heaviest eggs (Table 1) and consistently the highest number of cracked eggs, the greatest surface area and the lowest shell thickness and breaking strength. On average, cage eggs were the smallest and consistently presented the lowest shell percentage and surface area; shell index of cage eggs was also the lowest, although with values intermediate between barn and organic eggs for cracked eggs, shell thickness, strength and energy. These results indicate a clear relationship between the percentage of cracked eggs and shell breaking strength. Actually, a significant negative correlation (P<0.001; R=0.997) was observed between shell strength and cracked eggs. Moreover, shell resistance seems to be more dependent on shell thickness than on egg weight. In fact, significant correlations (P < 0.001) were found for shell thickness vs shell strength and energy (R = 0.902 and R = 0.828, respectively), while no correlation was found between shell strength and egg weight. However, an indirect correlation (P<0.05) between egg weight and shell breaking strength was previously reported by Casiraghi et al. (2005) for cage eggs of the size S, M, L, and XL and by Clerici et al. (2006) (P<0.01) for eggs from hens aged 28-64 wk reared in cage, free-range, barn and organic systems. Bone strength. Mean values and standard errors of the bone characteristics of hens at the end of the production cycle are reported in Table 3 . As evidenced by the ANOVA results, the housing system had a significant effect on the tibiotarsus and humerus breaking strength and stiffness. In particular, hens reared in the organic system showed tougher humerus with respect to cage and barn hens, whereas the tibiotarsus was stronger only if compared with barn hens. Layer performances. Our data were in contrast with several authors that found a better production in cage than in barn system. Voslarova et al. (2006) ascribed this fact to some eggs being mislaid outside the nests in the barn system. In addition, mislaid eggs are often damaged and broken and the number of laying hens is also decreased as a consequence of the higher incidence of mortality in the deep litter system. As expected, in the present study the second category eggs (dirty, misshapen or broken eggs) that are discarded during collection were higher in organic and barn than in cage system (4.6% O, 4.3% B, 3.8% C; P<0.05), however the mortality was the highest in cage. Some authors (De Boer and Cornelissen, 2002; Petermann, 2003; Tauson, 2005) , documented in their studies that the replacement of traditional battery cage systems by alternative systems does not always have a positive impact on egg production, hen health and incidence of mortality. Accordingly, the LayWel database (LayWel, 2006) showed more dirty eggs in non cage systems, however this seemed to depend on the inclusion of floor eggs in the computation (Rossi and De Reu, 2011) . Actually, De Reu et al. (2009) showed that the frequency of dirty eggs in nests of non-cage systems is not any higher than observed in cage systems.
The mortality observed in the present study for cage system was 6.8%, similar to the average value reported by Hammershøj (2011) for the 2008 Danish battery cages (6%). Surprisingly, lower mortality levels were obtained for organic and barn systems (2.4 and 4.2%, respectively). Differently, several authors reported that the incidence of mortality was greater in floor-reared laying hens than in laying hens reared in conventional cages (Weitzenburger et al., 2005; Hammershøj, 2011) . The low levels of mortality observed in the present study are probably due to the high management level, good prevention practices and good health of animals. In fact, Tauson et al. (1999) , studying the mortality in cages compared Layer performances ...
599
with aviary systems, detected higher levels of mortality (21 -27%), caused mainly by bacterial infections due to pecking at naked skin by more aggressive laying hens. Feed conversion rate (FCR) showed a value of 2.13 in cage system, lower than barn and organic values (2.20 and 2.30, respectively).
Usually FCR increases due to higher movement level in birds in systems with more activity, like organic and barn systems, in comparison to conventional cages (Tauson et al., 1999; Michel and Huonnic, 2003) but also due to higher heat lost in relation to feather cover and environmental temperature (Peguri and Coon, 1993) .
Egg weight and eggshell characteristics. Considering the F values (data not shown), hen age had a great effect on all the variables, with major influence on egg weight, shell index, cracked eggs, shell percentage, displacement and energy in the compression test; the housing system was also important for the majority of variables but at levels lower than hen age. Housing system instead was the most influent factor for egg surface area, shell thickness and breaking strength. Differently, S x A interactions, even if significant, had minor effects.
Heavier eggs in barn system were observed also by Pavlovski et al. (1981) , Hughes et al. (1985) and Voslarova et al. (2005) ; similarly, Vits et al. (2005) reported a higher egg weight in floor-reared laying hens. However, several authors reported a higher egg weight in cage system (Mohan et al., 1991; Pavlovski et al., 1994a Pavlovski et al., , 1994b Pavlovski et al., , 2001 ) and other researchers demonstrated no effect of housing system on egg weight (Mostert et al., 1995; Van den Brand et al., 2004) .
In agreement with the lowest occurrence of cracked eggs, organic eggs showed the highest shell percentage, the highest shell thickness and the most resistant shell, as expressed by their strength and energy values.
In accordance to our results, Leyendecker et al. (2001b) observed thicker shells in free range eggs in a study including also cage and aviary (barn) systems, and Mohan et al. (1991) evidenced a thicker shell in cage eggs compared to deeplitter housing. Differently, Pavlovski et al. (2001) , analysing eggs from three different systems including cage, detected thicker shells in barn eggs and thinner shells in free range eggs.
Egg weight and egg surface area increased with layer age in all housing systems (Table 3) , following the physiological development of the animals, as reported by different authors (Hill and Hall, 1980; O'Sullivan et al., 1991; Peebles et al., 2000; Silversides and Scott, 2001; Van den Brand, 2004; Rizzi and Chiericato, 2005) .
Shell thickness and percentage as well as shell index, shell strength, displacement and energy of the compression test followed a common trend during the production cycle: they initially increased until the layers were 43-weeks-old, and then decreased reaching, at 68 wk, values generally lower than those of young hens (27 wk). These results agree with the sudden increase of cracked eggs percentage at the end of the laying cycle. However, the common trend observed reflects mainly the fluctuation in the response variables evidenced when data are plotted on separate curves for the three housing systems. In fact, in Figure 2 , almost steady breaking strength and shell thickness of cage eggs are observable as a function of hen age. On the contrary it is evident that the common trend described above was mainly due to the variations of non-cage eggs values, especially organic eggs.
Several authors observed a significant decrease of shell thickness with hen age (Suk and Park, 2001; Rizzi and Chiericato, 2005) . A shell percentage decrease with age was reported by Silversides and Scott (2001) . Rodriguez-Navarro et al. (2002) attributed the low resistance of old hens shells to changes in structural properties of the eggshell associated with aging. However, O 'Sullivan et al. (1991) and Peebles et al. (2000) found no clear effect of hen age on shell thickness and percentage. This inconsistency of the literature data are totally justified by our results, showing for instance completely different trends over hen aging for shell thickness of cage, organic and barn eggs (Figure 2 ). Bone strength. The differences among systems cannot be ascribed to the size of the bones, being the mean centre diameters very similar, although statistically different. In fact, no significant correlations were found between bone size and mechanical properties.
Several studies have shown a consistently higher incidence of bone fragility in caged laying hens compared to that of hens kept in alternative housing systems, mainly due to the limited opportunity to exercise (Fleming et al., 1994; Van Niekerk and Reuvekamp, 1994; Leyendecker et al., 2001; Leyendecker et al., 2005) . In this research, only humeri of caged hens resulted weaker than those of hens reared in barn or organic systems. No significant differences in tibia breaking strength and stiffness were observed between cage and organic systems. Also previous studies comparing bone characteristics of hens reared in different housing systems reported significant differences in humeri mechanical indices and the lack of differences in tibiae properties (Hughes et al., 1993; Abrahamsson and Tauson, 1997; Leyendecker et al., 2005) .
A great space availability and the presence of perches and sand baths increased humerus strength, probably because hens performed behaviours such as wing stretching, wing flapping, and sand bathing that have a positive effect on the bone mechanical properties (Leyendecker et al., 2005) .
Conclusion
In conclusion the results suggested that the barn and the organic systems, as alternative systems to replace cage, showed layers performance similar to the cage system.
The study demonstrated that shell strength and thickness in non-cage eggs are highly affected by hen age, while they are much stable in cage eggs. Organic hens produce eggs with the most resistant shell and have the strongest humerous, while their tibiotarsus are as robust as those of cage hens.
Proizvodni rezultati, osobine ljuske i čvrstoća kostiju kokoši nosilja u tri različita sistema držanja S. Lolli, A. Hidalgo, C. Alamprese, V. Ferrante, M. Rossi Rezime Cilj ovog istraživanja je bio da se utvrde efekti tri različita sistema držanja kokoši nosilje (u kavezima, živinarniku i organsko držanje) na proizvodne rezultate kokoši nosilja, osobine ljuske i čvrstoću kostiju. U svakom sistemu, korišćen je isti hibrid nosilja (Hyline Braun ®) koje su bile smeštene u skladu sa trenutnim važećim evropskim propisom i kokoške su bile na istom nivou ishrane (2800 ME).
Istraživanje je sprovedeno u periodu od godinu dana na tri tipične farme na severu Italije, od 18. do 70. nedelje starosti kokoši. Broj jaja prikupljenih i izleženih na podu beležen je nedeljno, kao i mortalitet i potrošnja hrane. U 27, 30, 35, 43, 53 i 68 nedelji starosti nosilja, analizirani su težina i osobine ljuske jaja iz različitih sistema. Sila lomljena i čvrstoća su određivani testom tri tačke savijanja.
Procenat leženja je generalno veći u odnosu na standardnu proizvodnju Hyline nosilja, verovatno zbog visokog standarda upravljanja i proizvodne perzistencije. Rezultati su pokazali jasnu vezu između procenta ispucalih jaja i osobine čvrstoće ljuske, gde su organska jaja pokazala najveću debljinu ljuske, najotporniji ljusku i u skladu sa time manje slomljenih jaja. S obzirom na promene koje se dešavaju u toku ciklusa izlaganja, čvrstoća ljuske i debljina kod jaja koja ne potiču iz kavezne proizvodnje su pod snažnim uticajem starosti nosilja, dok su mnogo stabilniji kod jaja iz kaveza. Organske kokoši nosilje su takođe imale najjači humerus, dok je njihov tibiotarsus bio robustan kao i kod kokoši nosilja iz kaveza.
